Introduction
Hypertension is a major cardiovascular risk factor that has multiplicative and cumulative effects on the risk of cardiovascular events. 1, 2 Hypertension is generally considered a complex disease trait that arises from a combination of both genetic predisposition and environmental exposures, including dietary and exercise patterns. Blood pressure, itself, also appears to be causally associated with the rate of rise in blood pressure over time. 3 Several lines of evidence argue for the possibility that hypertension is, in fact, predominantly the result of environmental determinants. In tribal populations living in remote non-Westernized areas of the world, where routine dietary salt intake is absent, typical age-related elevations in blood pressure (BP) are not seen. 4, 5 In Westernized populations, large genetic studies have identified variants associated with BP but these genetic markers account for only a small proportion of variation in BP and risk for hypertension. 6, 7 In contrast, observations from twin studies would argue that there is actually a very prominent heritable component underlying hypertension risk that has yet to be fully elucidated. 8, 9 This 'heritability gap' in variance estimated by twin studies on the one hand, and population studies on the other hand, has led to persistent confusion regarding the extent to which hypertension is truly heritable.
To further clarify the role of heredity on hypertension risk in the community, we conducted an investigation using uniquely available longitudinal data from the family-based Framingham Heart Study and assessed the extent to which risk for hypertension is conferred across multiple generations of individuals in the community. For this investigation, we used objectively ascertained BP measurements collected from serial examinations attended by a relatively homogenous population of three generations of Framingham participants over a span of 5 decades. We specifically focused our analyses on the extent to which predisposition for hypertension was shared between generations separated by more than 1 degree, wherein the potentially shared effects of environmental factors are reduced.
Methods

Study sample
The First Generation cohort (i.e. grandparents) of the Framingham Heart Study included 5209 adults in Framingham, MA who were enrolled in a longitudinal community-based study, wherein they underwent biennial examinations since 1948. The Second Generation cohort (i.e. parents), includes 5124 children (and their spouses) of the First Generation cohort, who have been re-examined 8 years after the first examination in 1971 and then every 4 years thereafter. The Third Generation cohort includes 4095 individuals who had at least 1 parent in the Second Generation study and attended a baseline examination in 2002-2005. The characteristics and study protocols of all three cohorts have been published previously. [10] [11] [12] Information on living participants' last location of residence is continuously updated at the examinations and though telephone and mail follow-up. All study protocols were approved by Boston University Medical Center's institutional review board, and all participants provided written informed consent. To examine hypertension risk across generations, we focused our analyses on 'early-onset' hypertension (i.e. onset prior to age 55 years as in previous publications) as a distinct form of hypertension that could be discerned from the standardized BP measurement data available from the parents and grandparents of the participants in our study sample. 13, 14 For our Third Generation participant study sample, directly measured BP data on 1909 grandparents and 2918 parents were available, and we excluded data for parents (n = 64) or grandparents (n = 5) who did not attend any follow-up examinations. We also excluded parental or grandparental data if the age of onset of hypertension was not defined: e.g. if the grandparent or parent was > _55 years and had hypertension at the baseline examination, respectively (n = 19 parents, n = 75 grandparents).
For the present study, we focused on Third Generation cohort participants with parental and grandparental data available and no missing covariates ( Figure 1 ) which led to additional 204 parents and 20 grandparents being excluded. Therefore, our final dataset for analyses included BP measurements collected from 1809 First Generation participants, 2631 Second Generation participants, and 3608 Third Generation participants.
Clinical assessment and definitions
At each Heart Study examination, participants in all three cohorts provided a medical history, including information on medication use, and underwent a physical examination and laboratory assessment of cardiovascular risk factors. [10] [11] [12] Information on the use of antihypertensive medication was not available for the first three examinations of First Generation participants (from 1948 through 1956) and we considered these participants as having no antihypertensive medication use. At all examinations, a physician performed 2 sequential BP measurements using a mercury column sphygmomanometer on the left arm of each participant in the seated position, according to a standardized protocol. We considered the BP measurement at a given examination as the mean of the 2 sequentially measured BP values from that clinical assessment. In addition to the assessment of BP and other cardiovascular risk factors, participants in the Third Generation cohort underwent an assessment of physical activity, using a physical activity questionnaire and calculation of the Framingham physical activity index (PAI). Daily dietary sodium intake was assessed using data collected via the validated 131-item Harvard semi-quantitative food frequency questionnaire. 15, 16 The questionnaire was designed to classify individuals according to levels of average daily intake of selected nutrients over the preceding year. We calculated sodium intake from detailed questionnaire data by taking a pre-specified weight assigned to the frequency of reported use and multiplying this value by the sodium intake for the portion size specified for each food item. This method of estimating daily sodium intake has been used in prior studies linking sodium intake with BP and other cardiovascular traits. 17, 18 Participants reported the number of alcoholic drinks/week (beer, wine, or liquor) consumed per week. We used these data to identify participants as heavy (>7 drinks/week in women and >14 drinks/week in men) vs. non-heavy users of alcohol. 19 
Exposure and outcome variables
As in other studies of BP assessed across multiple time epochs, we used similar BP thresholds to define hypertension across all examinations in all three cohorts. 20 This approach was selected to avoid the imprecision that can be introduced by using self-reported diagnosis data, which can be influenced by temporal changes in standard clinical practice. BP data were available from serial examinations performed in the First 13 Also consistent with methods from prior studies, we defined onset of hypertension as the first examination at which criteria for hypertension was met. 13, 21 To capture a relatively specific measure of familial hypertension risk exposure, we identified First and Second Generation participants who developed 'early-onset' of hypertension prior to age 55 years.
For Third Generation participants, we examined data from only a single baseline examination. Thus, the presence of hypertension in the Third Generation, as an outcome variable, was based on criteria met at this single time point. This approach allowed for predictor variables to be consistently defined, and for the outcome variable to also be internally consistently defined, both according to the current European hypertension guidelines. 2 Specifically, in the Third Generation, presence of hypertension was defined as systolic BP > _140 or diastolic BP > _90 mmHg or antihypertensive medication use; and, presence of normal/high normal BP was defined as systolic BP 120-139 or diastolic BP 80-89 mmHg (henceforth referred to as normal BP) in Third Generation participants at their first examination. 2 We also included normal BP as an outcome, given that that recent trial results have led to continued discussions in the field regarding the extent to which thresholds and targets for hypertension treatment should be lower than those proposed in current guidelines. 22 
Statistical methods
We examined characteristics of Third Generation participants, categorized by early-onset hypertension status in parents and in grandparents, and by their own BP status: optimal BP, normal BP, and hypertension. We compared participants' characteristics using v 2 tests for categorical variables and by analysis of variance for continuous variables, except for dietary sodium intake (Kruskal-Wallis test). We assessed the trend in prevalence of normal BP or hypertension in groups by parental and grandparental early-onset hypertension status using the CochranArmitage trend test. We analysed the simultaneous association of First Generation (i.e. grandparental) and Second Generation (i.e. parental) early-onset hypertension with presence of hypertension or normal BP in the Third Generation (with optimal BP as the referent group) using multinomial logistic regression models including mixed effects (PROC GLIMMIX) to account for correlation among siblings. In a second step, we also included First and Second Generation late-onset hypertension in the models. We considered both the number and fraction of grandparents and parents with early-onset and late-onset hypertension as the primary exposure variables and we consider BP level in the Third Generation as the outcome variable. In a sensitivity analysis, we used continuous systolic and diastolic BP, instead of BP categories, as outcome variables and adjusted for correlation among siblings using generalized estimating equations. We adjusted all analyses for age, sex, body mass index, smoking status, total cholesterol, HDL cholesterol, total number of grandparents in the First Generation cohort, and total number of parents in the Second Generation cohort. We did not include diabetes status as a covariate in the main models given its extremely low prevalence at baseline (2.8%). In secondary analyses, we additionally adjusted for measures of physical activity (PAI), alcohol use, and log-transformed dietary sodium intake. We also used an interaction term of sex by number of parents (or grandparents) with early onset hypertension to test for effect modification by sex. The null hypothesis was rejected for 2-sided P-values <0. 05 . We performed all analyses were performed with SAS software version 9.4 (SAS Institute, Cary, NC, USA).
Results
Mean age of the Third Generation study sample was 39.4 (8.5 ) years and 53% were women. Characteristics of the sample are shown in Table 1 by categories defined according to parental and grandparental hypertension status. The groups differed slightly in terms of age, body mass index, total and HDL cholesterol, and more markedly in terms of systolic and diastolic BP. An increasing trend in normal BP and hypertension, and a decreasing trend in optimal BP, was seen across groups. As shown in Figure 2 , the prevalence of normal BP or hypertension in groups by parental and grandparental early-onset hypertension status increased from 38.7% (no parents or grandparents with early-onset hypertension) to 65.6% (1 or 2 parents and > _3 grandparents with early-onset hypertension, P for trend <0.001). The last known geographic location of participants from all three generational cohorts (as of November 2016) is reported in Figure 3 and Supplementary material online, Table S1 . Only 10% of the Third Generation participants had last reported living in in Framingham. When Third Generation participants were compared according to their BP level, certain demographic and clinical characteristics such as male sex, obesity, and hypercholesterolaemia were more prominent among individuals with hypertension and normal BP compared with those with optimal BP as expected ( Table 2) . Notably, as shown in Table 2 , the fraction of parents with early-onset hypertension was significantly higher in Third Generation participants with hypertension and normal BP compared with those with optimal BP (P < 0.001); furthermore, the same trend was seen for the fraction of grandparents with early-onset hypertension (P < 0.001).
In multivariable-adjusted analyses, a greater number of parents and grandparents with early-onset hypertension was associated with an increased odds of normal BP and hypertension in the Third Generation cohort (P < 0.001 for all, Table 3 ). When the number of parents and grandparents with late-onset hypertension were included in the same model, early-onset hypertension in parents and early-onset hypertension in grandparents remained significantly associated with hypertension in the Third Generation participants ( Table 3) . In contrast, late-onset hypertension in parents or grandparents was not consistently related to hypertension status in the Third Generation ( Table 3) . We observed similar results when systolic and diastolic BP in the Third Generation were used as continuous outcome variables, and when the fractions, instead of numbers, of parents and grandparents were included as the primary exposure variables in the same models ( Table 4 and Supplementary material online, Table S2 ). In a secondary analysis focused on a subset of 3317 participants with all covariates available, results were also similar in models additionally adjusting for alcohol use, physical activity, represented by the PAI, and daily dietary intake of sodium (Supplementary material online, Table S3 ). We also tested for effect modification by Third Generation sex and we observed no significant sex-interaction impacting the relationship of parental or grandparental early-onset hypertension on Third Generation hypertension status (P > 0.94).
Discussion
In this study of three generations of Framingham Heart Study participants with objectively measured BP data, a predisposition for
hypertension was conferred not only from parent to child but also from grandparent to grandchild. Specifically, we observed that a history of early-onset hypertension in grandparents was associated with the presence of hypertension in a grandchild, even after adjusting for hypertension status in parents and lifestyle factors such as dietary salt intake and physical activity.
To our knowledge, this is the first study to examine the cumulative impact of objectively and uniformly ascertained parental and grandparental hypertension on the prevalence of hypertension in offspring. A handful of prior studies have sought to examine the effects of a particular genetic exposure on risk for a given disease across multiple generations. Accordingly, there are data suggesting that Available for 3343 participants and expressed as median (inter-quartile range). Number refers to their absolute number of parents or grandparents with hypertension and data available (range from 0 to 4 for grandparents and from 0 to 2 for parents). Fraction is defined as the number of grandparents or parents with hypertension divided by the number of grandparents or parents with data available (range from 0 to 1.00). Certain parental and grandparental individuals may have been included more than once across different columns of data due to sibships and cousinships. 28 and coronary heart disease 29 are traits that could be transmitted across up to three generations; however, prior studies have been relatively small in size or limited in the ability to assess the phenotype of interest in uniform manner across multiple generations. With respect to hypertension, in particular, previous studies have consistently observed parental hypertension in association with risk of incident hypertension in offspring. 13, 14, [30] [31] [32] [33] [34] [35] [36] [37] [38] However, only a few questionnaire-based studies have examined the relationship between grandparental hypertension status and risk for hypertension in offspring. 14, 38 In these survey studies, hypertension in grandparents was modestly associated with hypertension in grandchildren, but the value of grandparental history on top of parental history in assessing hypertension risk was not reported. Importantly, all prior 2-and 3-generation studies of hypertension risk have relied on offspring report of parental and grandparental hypertension status, given lack of objectively collected BP measurements, raising the possibility of biased estimates. 39 Therefore, the present study extends the findings of previous work by using objectively collected BP data and demonstrating that a predisposition for developing hypertension is conferred across multiple generations, even after adjusting for parental history and lifestyle factors. Furthermore, this predisposition seems to be more strongly related to early-onset than late-onset hypertension in parents and grandparents.
Our main results indicate that a grandparental (i.e. 2nd degree generational) effect on hypertension risk persists on top of the expected parental (i.e. 1st degree generational) effect. There are several possible explanations for this finding that warrant further research. We did observe that the parental effect was stronger than the grandparental effect, but only by a small degree. It is possible that a larger portion of the parental effect is largely due to shared lifestyle and environmental exposures instead of genetic factors, even though we observed no marked attenuation of the parental history associations when we adjusted for dietary salt intake and physical activity (Figure 4) . However, the role of the shared environment in our analyses is likely to have been modest, or at least attenuated, over time given that only 10% of the Third Generation participants reported most recently living in the Framingham area. The observed persistence of the grandparental effect is therefore likely related to the fact that hypertension is indeed a familial trait conferring a substantial degree of heritability that has yet to be well-characterized. 40 Notwithstanding the possible effects of rare genes with variable penetrance, our results from a large community-based cohort affirm that the highly prevalent form of hypertension is a complex trait with combinations of common susceptibility alleles likely contributing to its risk. Grandparents may carry common alleles that are also variably penetrant or expressive in offspring and even 'skip' generations to grandchildren. Of course, some epigenetic changes are not erased during the production of gametes and can affect the phenotype of subsequent generations through transgenerational effects. 41 The ability to precisely quantify genetic vs. non-genetic determinants of high blood pressure remains elusive in human studies. However, taken together, these data suggest that at least some proportion of the heritable risk for hypertension arises from genetic traits with effects that may not be simply diluted when transmitted from one generation to the next, but with effects that persist across generations. It remains possible that certain epigenetic changes are also not erased from one generation to another. Ultimately, the overall cross-generational persistence of the grandparental effect, seen even after adjusting for the parental effect, underscores the magnitude of its heritability in spite of potentially shared environmental factors, for which contributions to risk are likely reduced across multiple generations (Figure 4) . Notwithstanding the specific strengths of the current study, including the community-based family structure with objective BP measurements and longitudinal data available for 3 generations of participants, it is important to acknowledge certain limitations. First, the follow-up intervals in the First Generation and Second Generation cohorts differed, as First Generation participants underwent biennial examinations whereas their offspring were re-examined approximately every 4 years. Thus, the resolution of BP data collected over time Numbers of parents and grandparents were simultaneously included in the models. Both models adjusted for age, sex, body mass index, smoking status, total cholesterol, HDL cholesterol, number of parents in the Second Generation Cohort, and number of grandparents in First Generation Cohort. BP, blood pressure; HTN, hypertension. *P < 0.001, **P < 0.01, ***P < 0. 05. was higher in the First-compared with Second Generation participants. However, because we did not pool cohort data for any analyses, this difference in follow-up intervals is not likely to have markedly influenced the main results. Second, BP data were not available for all parents and grandparents. To avoid confounding, we adjusted for the number of parents and grandparents with data available in the models. Furthermore, no relevant differences in results were observed when the fraction of parents or grandparents was used in the models instead of number of parents or grandparent. Third, despite being logistically feasible and validated for population studies, self-report questionnaires do not necessarily provide the most accurate estimate of lifestyle exposures. Although our modelling included all the lifestyle variables available for analyses (i.e. physical activity, sodium intake, and alcohol use), large cohort study designs are typically unable to completely capture all possible lifestyle exposures, causing the possibility of residual confounding to always remain. Fourth, information on the use of antihypertensive medication was not available for the first three examinations attended by First Generation participants from 1948 through 1956. The impact of these missing data on our main results is likely to be modest given that during this historic time period, the rate of antihypertensive medication was <2.5%. We recognize that BP treatment thresholds were relatively liberal during this earlier era of practice (i.e. systolic BP 180 mmHg or diastolic BP 100 mmHg). 42 Even when treatment was initiated, the ability of available medications to effectively lower BP below the 140/90 mmHg threshold was also extremely limited during this same time period. 43 Fifth, we used prevalence, instead of incidence, of hypertension as the outcome variable in the Third Generation due to the limited number of available serial examinations for this cohort. Nonetheless, the thresholds used to define hypertension did not vary within or between the cohorts although it remains possible that temporal trends in the relative efficacy of hypertension prevention efforts may have influenced our results.
We opted to examine hypertension prevalence instead of incidence, given that the latter would have substantially lowered the study sample size and likely introduced bias as a result of excluding all individual with hypertension at baseline. Sixth, our study enrolled adults at baseline, including some persons who had treated hypertension at the outset; our study also included some persons who never developed hypertension over the course of the longitudinal study period. For these reasons, it was not possible to comprehensively analyse age of hypertension onset as a continuous variable. Nonetheless, our use of a dichotomous exposure variable, albeit less precise, was able to capture early-life hypertension onset in analyses that yielded consistent and interpretable results. Finally, because our study sample consisted primarily of white individuals of European descent, the extent to which our results are generalizable to other racial/ethnic groups is unknown. In summary, our results demonstrate that there exists a predisposition for hypertension that can be conferred not only from parent to child but from grandparent to grandchild. We observed that the association of risk in grandparents with hypertension in grandchildren persisted, in spite of secular trends and inter-generational differences in lifestyle and behaviour, and remained significant in models adjusting for factors such a physical activity and dietary sodium intake. Notwithstanding the impact of environmental determinants, our findings highlight the importance of the genetic contributors to hypertension risk. Our data suggest that ongoing research on the genetics of hypertension may benefit from a greater focus on traits that persist across, as well as within, generations, as such an approach may help to further characterize the 'missing heritability' gap and also identify traits that are least likely to be dependent on environment-gene interactions. 44 These interactions, however, cannot be reliably examined in our study setting because certain environmental conditions may exert a uniform exposure across different generations, or an exposure may exceed a threshold level in all subjects. The results of our study also suggest that when assessing an individual's risk for hypertension, more accurate risk stratification could be achieved by considering both parental and grandparental history of hypertension.
Supplementary material
Supplementary material is available at European Heart Journal online. Our findings suggest that a predisposition for developing hypertension persists across generations with a proportion of risk that is passed down from grandparent to grandchild, notwithstanding the traits that are passed down from parent to child. Further studies are needed to investigate the relative importance of contributors to hypertension risk that persist across generations.
